Abstract: Hypercortisolemia is associated with increased risk of hypertension. Natural and synthetic glucocorticoids (GCs) have different effects on blood pressure (BP). The effect of synthetic GCs on BP depends on the dose, treatment duration, type of GCs, and route of administration. Intravenous methylprednisolone (IVMP) pulse therapy is the first line of treatment for severe Graves' orbitopathy (GO). The aim of this study was to evaluate influence of IVMP pulses on BP and N-terminal pro-brain natriuretic peptide (NT-proBNP) dynamics. A total of 32 patients with GO were treated with one IVMP pulse every week for 12 weeks. We performed 48-h BP monitoring (24-h before and 24-h after IVMP) and measured NT-proBNP before, 24 h, and 48 h after the 1st, 6th, and 12th IVMP pulse. Mean BP did not change after any of the pulses. We did not observe an increase in maximal systolic BP or mean nocturnal BP, except after the last pulse. Additionally, the dipping phenomenon was less frequent after the last pulse. We found a significant increase in median NT-proBNP levels after all analyzed pulses. Our study suggests that IVMP may have an unfavorable cumulative effect on BP. Variation in NT-proBNP concentration indicates a compensatory effect of brain natriuretic peptide secretion.
Introduction
High dose intravenous (i.v.) glucocorticoid (GC) pulse therapy is an effective immunosuppressive treatment used in various inflammatory and autoimmune diseases [1] . One of the indications for this treatment is Graves' orbitopathy (GO). High-dose GCs, preferably via the i.v. route, are the first line of treatment for active, moderate-to-severe GO. The optimal cumulative dose appears to be 4.5-5.0 g of intravenous methylprednisolone (IVMP) [2] . According to the European Group On Graves' Orbitopathy (EUGOGO) recommendations, this therapy was proven to be more effective compared to high-dose oral GC therapy and is associated with a lower recurrence rate [2] . EUGOGO recommends treatment with IVMP for patients with moderate-to-severe and very severe GO (dysthyroid optic neuropathy−DON). For patients with active, moderate-to-severe GO, EUGOGO advices 12 pulses of IVMP with a treatment duration of 12 weeks with single weekly i.v. pulses. The first six weeks is 0.5 g
Results

Ambulatory Blood Pressure Monitoring (48-h)
Results from 48-h ambulatory blood pressure monitoring (ABPM) were available from 22 patients. Table 1 shows changes in mean BP, mean nocturnal BP, maximal systolic blood pressure (SBP) between day before and day after IVMP pulse during the 1st, 6th, and 12th pulse. In Figures 1 and 2 , we present the changes in mean nocturnal BP and maximal SBP, respectively. There were no statistically significant changes in the mean BP during the entire therapy or in the maximal SBP and mean nocturnal BP after the 1st and 6th pulse. However, we noticed during the last, 12th, pulse a significant increase in maximal SBP and mean nocturnal BP, as shown in Figures 1 and 2 and Table 1 . Additionally, we observed that the dipping phenomenon was statistically less frequent 24-h after the last IVMP pulse in comparison to 24-h after the first IVMP pulse ( Table 2) . Table 1 . Changes in 24-h blood pressure during selected intravenous methylprednisolone (IVMP) pulses in the entire group of patients (N = 22).
IVMP Pulse
Before Pulse Median (Q1-Q3, mmHg) BP: blood pressure, SBP: systolic blood pressure, IVMP: intravenous methylprednisolone, N: number of patients, Q1: lower quartile, Q3: upper quartile, before pulse: 24-hours (h) BP evaluation before infusion of IVMP, after pulse: 24-h BP evaluation after infusion of IVMP.
Figure 1.
Changes in maximal systolic blood pressure. max SBP is maximal systolic blood pressure (BP), 1-0 is 24-hours (h) before first intravenous methylprednisolone (IVMP) infusion, 1-1 is 24-h after the beginning of first IVMP infusion, 6-0 is 24-h before sixth IVMP infusion, 6-1 is 24-h after the beginning of sixth IVMP infusion, 12-0 is 24-h before 12th IVMP infusion, and 12-1 is 24-h after the beginning of 12th IVMP infusion. The different colors of lines "grey, white, black…" define BP measurements in examined patients.
Figure 2.
Changes in mean nocturnal blood pressure. BP is blood pressure, 1-0 is 24-hours (h) before first intravenous methylprednisolone (IVMP) infusion, 1-1 is 24-h after the beginning of first IVMP infusion, 6-0 is 24-h before sixth IVMP infusion, 6-1 is 24-h after the beginning of sixth IVMP infusion, 12-0 is 24-h before 12th IVMP infusion, and 12-1 is 24-h after the beginning of 12th IVMP infusion. The different colors of lines "grey, white, black…" define BP measurements in examined patients. IVMP: intravenous methylprednisolone, N: number of patients, before pulse: 24-hours (h) blood pressure (BP) evaluation before infusion of IVMP, after pulse: 24-h BP evaluation after infusion of IVMP. Dipping phenomenon during sleeping was defined as a reduction of nocturnal systolic BP (SBP) more than 10% in relation to the SBP during awake period.
Neurohormonal Biomarker NT-proBNP
The baseline median value of NT-proBNP before the treatment was 70 (39-98) pg/mL (normal range: <125 pg/mL). There was a statistically significant increase in median NT-proBNP levels between before, and 24 and 48 h after IVMP pulse in all of the analyzed pulses (1st, 6th, and 12th) ( Table 3 and Figure 3 ). The highest increase in the NT-proBNP was observed 24 h after the administration of IVMP in each pulse. We observed a significant decrease in median NT-proBNP levels between the beginnings of the 1st and 6th IVMP pulses (p = 0.024), as well as the 1st and 12th IVMP pulses (p = 0.0016). Table 3 . Changes in N-terminal pro-brain natriuretic peptide levels during selected IVMP pulses (N = 32).
IVMP Pulse
Before Pulse Median (Q1-Q3), pg/mL pressure (BP) evaluation before infusion of IVMP, after pulse: 24-h BP evaluation after infusion of IVMP. Dipping phenomenon during sleeping was defined as a reduction of nocturnal systolic BP (SBP) more than 10% in relation to the SBP during awake period.
Neurohormonal Biomarker NT-proBNP
The baseline median value of NT-proBNP before the treatment was 70 (39-98) pg/mL (normal range: <125 pg/mL). There was a statistically significant increase in median NT-proBNP levels between before, and 24 and 48 h after IVMP pulse in all of the analyzed pulses (1st, 6th, and 12th) ( Table 3 and Figure 3 ). The highest increase in the NT-proBNP was observed 24 h after the administration of IVMP in each pulse. We observed a significant decrease in median NT-proBNP levels between the beginnings of the 1st and 6th IVMP pulses (p = 0.024), as well as the 1st and 12th IVMP pulses (p = 0.0016). 
Additional Biomarker of Cardiomyocyte Injury-Troponin I (TnI)
The basic values of TnI were in the normal range in all patients. Only one of the participants reached normal TnI cutoff level (0.056 ng/mL) during any of the analyzed pulses. The increase in TnI level to 0.07 ng/mL was observed in one woman 48 h after the 12th IVMP pulse, but without any clinical symptoms of coronary heart disease. There were no statistically significant changes in TnI levels across the analyzed IVMP pulses.
Echocardiography
Patients underwent echocardiographic examination before the 1st and after the 12th pulse (measurements were available in 22 participants). Median values of ejection fraction (EF) remained almost unaffected by the GC therapy: 65% before treatment (range: 56-71) vs. 65% after treatment (range: 55-73). The increase in EF was observed in 36% (n = 8) patients (mean value of 3%), a decrease in 41% (n = 9) patients (mean value of 3%), and EF in 23% (n = 5) patients remained unchanged.
Cardiovascular Events
We did not observe any serious adverse cardiovascular events.
Discussion
Hypercortisolemia is associated with increased risk of hypertension. Natural and synthetic GCs have different effects on BP [11] . Hypertension is diagnosed in about 80% of patients with endogenous hypercortisolemia [12] . The impact of synthetic GCs on BP seems to be lesser especially during the first months of exposure [11] . The impact depends on the dose, treatment duration, type of GCs, and route of administration. The difference occurs probably between patients treated with daily oral GCs and intravenous pulse therapy; this has not yet been fully investigated. The mechanisms involved in the development of hypertension in patients with GC excess are complex and only partially understood. Synthetic GCs have minimal mineralocorticoid activity, and produce elevations in BP without any urinary sodium retention, increase in body weight, or plasma volume [7] . Renal mineralocorticoid receptor activation occurs in extremely elevated circulating cortisol levels that overwhelm the protective role of 11 β-HSD2. Possible mechanisms of hypertension development have been postulated, such as increased pressor responsiveness to angiotensin II [8] or influence on the sympathetic nervous system [9] . The influence of GCs on the vasoregulator system probably plays a crucial role in hypertension development. Many substances with vasoregulatory properties have been reported to contribute to hypertension secondary to GCs excess. Increased levels of endothelin-1 and erythropoietin have been suggested as possible factors of GC-induced hypertension [9] . Most studies on vasodilators have demonstrated effects of GC excess on the nitric oxide pathway through different mechanisms; one of them is inhibition of nitric oxide synthase (NOS) expression [9] .
In the presented study, we analyzed the influence of IVMP therapy on the circadian BP pattern, biochemical markers of heart failure (NT-proBNP), and myocardial injury (TnI), as well as the echocardiographic parameter (EF). We did not observe any changes in the 24-h mean BP in all three evaluation periods (after first, sixth, and 12th pulse of IVMP) or in mean nocturnal BP and maximal SBP after first and sixth pulse of IVMP. However, after the last (12th) IVMP pulse, we observed an increase in mean nocturnal BP, maximal SBP, and a trend in a non-dipping BP profile. This is the first study suggesting the potential cumulative effect of IVMP administration on the circadian BP profile. The fast reaction of BP to IVMP pulses was analysed in a retrospective study by Yong et al. (1.0 g of IVMP) [10] and a prospective study by Lauridsen et al. (0.5 g of IVMP) [13] . There was an observed decrease in SBP and DBP at 30 and 60 min after an IVMP pulse in the first study and no change in SBP with a reduction in DBP 90 min after an IVMP pulse in the second study. In a prospective study, Brootman et al. noticed an opposite reaction of BP after five days' treatment with 3 mg of dexamethasone twice daily [14] . In the intervention group, SBP increased compared to baseline evaluation; however, in the placebo group, DBP did not change. This study showed that dexamethasone, with negligible mineralocorticoid activity, suppresses endogenous cortisol and impacts the reduction in aldosterone. The lack of BP increases of in the studies of Yong et al. and Lauridsen et al., and the increase in SBP in the study by Brootman et al. indicate the difference between the fast reaction of intravenous GCs and the cumulative reaction of oral GCs on BP. Finally, the non-dipping BP profile found at the end of our IVMP course was also found in patients with hypercortisolemia in a study by Imai et al. [15] . Loss of nocturnal BP promotes cardiac, renal, and vascular injury.
Simultaneously, we observed a statistically significant increase in median NT-proBNP in all of the analyzed pulses, the greatest occurring 24 h after the administration of IVMP. The median increase in NT-proBNP levels during first 24 h was less pronounced after the 12th pulse. We observed a decrease in median NT-proBNP between basal values, before administration of the 1st, 6th, and 12th IVMP pulses. The increase in NT-proBNP after IVPM pulses indicated the elevated release of brain natriuretic peptide (BNP) that is secreted by cardiomyocytes in response to stretch [16] . BNP may play a crucial role in maintaining cardiovascular hemodynamics with an impact on BP regulation. BNP may reduce BP through several mechanisms, such as increased renal perfusion and natriuresis, renin-angiotensin-aldosterone system inhibition, and arterial dilation [17] . The induction of the BNP gene results in the production and secretion of prohormone proBNP . This is cleaved into the biologically active BNP and biologically inert and more stable NT-proBNP [18] . The same reaction of BNP was observed by Brootman et al. [14] . Lack of mineralocorticoid activity of dexamethasone indicates that increased BNP is probably not associated with expansion of plasma volume [14] . Lauridsen et al. observed after an IVMP pulse (0.5 g) a simultaneous increase in plasma atrium natriuretic peptide (ANP), plasma arginine vasopressin, and urinary excretion of aquaporin-2 without changes of urinary excretion of sodium and free water clearance [13] . The authors suggested that increased tubular absorption of water and sodium is antagonized by compensatory increase of ANP. Direct stimulation of dexamethasone on plasma ANP concentration within two hours and ANP mRNA within 30 min was documented in a study performed by Dananberg et al. [19] . Finally, NT-proBNP increases in patients with endogenous, long lasting hypercortisolemia. The concentration of NT-proBNP is higher in patients with overt Cushing's disease than in those with subclinical Cushing's syndrome and non-functioning adenoma [20] .
We did not analyze the influence of IVMP in subgroups of patients (e.g., male vs. female) as the study group was too small to perform such analysis. However, it would be interesting to include such analysis in a larger group of patients according to sex, age, and comorbidities.
According to previous studies and our results, we consider therapy with IVMP pulses administered weekly as safe according to BP changes in normotensive patients and patients with well-controlled BP before treatment. However, during the cycle of treatment, an unfavorable cumulative effect on BP was observed after the last pulse. The study indicates a compensatory increase in BNP after every pulse of IVMP. We hypothesize that this effect could be reduced when the therapy lasts longer. This could explain why we observed the increase in maximal SBP and mean nocturnal BP and higher prevalence of non-dipping BP profile with lower median increase in NT-proBNP in the last evaluated pulse of IVMP. This is the first study concerning fast and cumulative influence of IVMP pulses on circadian BP.
We did not observe any changes in echocardiography before and after treatment. We found no clinical symptoms of heart failure or acute exacerbation of heart failure in our patients.
Materials and Methods
Study Population
This study was a prospective, open, non-randomized, clinical study involving consecutive patients with active, moderate-to-severe GO treated with IVMP pulse therapy according to European Group On Graves' Orbitopathy (EUGOGO) recommendations [2] . Patients were admitted to the Department of Endocrinology and Internal Medicine, Medical University of Warsaw in the period between 2011 and 2015. The inclusion criteria were as follows: (1) active, moderate-to-severe GO according to EUGOGO classification; (2) age ≥18 years; (3) euthyroidism (patients with hyperthyroidism treated with anti-thyroid drugs, after radiotherapy/surgical treatment on levothyroxine (L-T4) therapy if necessary, with euthyroid Graves' disease, or with Hashimoto disease on L-T4 therapy); and (4) completion of at least first six IVMP pulses. Exclusion criteria were as follows: (1) cardiovascular morbidity, such as chronic heart failure and/or coronary heart disease; (2) uncontrolled hypertension defined as SBP more than 140 mmHg and/or DBP more than 90 mmHg; (3) contraindications to IVMP therapy; and (4) previous GCs treatment in the last 6 months. Informed consent was obtained from each patient. Laboratory tests, such as NT-proBNP and TnI, were performed before, and 24 and 48 h after IVMP infusion during the following pulses: first, sixth, and 12th. Patients underwent echocardiographic examination before the first and after the 12th pulse. The 48-h ABPM (for 24-h before and 24-h after IVMP infusion) was recorded during the following pulses: first, sixth, and 12th. Standard monitoring and prophylaxis were performed before every pulse: evaluation of clinical status, symptoms of infection, BP monitoring, glucose level monitoring, monitoring of liver enzymes, and prophylaxis of osteoporosis. The primary endpoint was the change in BP and laboratorydocumented change in cardiovascular biomarkers, which indicated the influence of IVMP on the cardiovascular system. The secondary endpoints included adverse cardiovascular events (death, myocardial infarction, stroke, severe heart failure, hypertensive crisis, and cardiac arrhythmias). The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the institution's human research committee (KB 42/2011; 15 March 2011). The study was registered on clinicaltrials.gov with the number NCT03590080.
Study Design
After enrolment, all participants were qualified for treatment with 4.5 g IVMP pulses (cumulative dose of methylprednisolone (MP)), treatment duration 12 weeks in once-weekly intravenous pulses, with each pulse in the first 6 weeks 0.5 g MP, and next 6 weeks 0.25 g MP) (Figure 4).
Ambulatory BP Monitoring (48-h)
We performed 48-h BP monitoring (24-h before and 24-h after the first, sixth, and 12th IVMP pulses). All measurements of ambulatory BP were recorded by devices certified by the British Hypertension Society. ABPM recorders were programmed to register one BP measurement every 20 min during the awake period and every 30 min during the sleeping period. Bedtime and wake-up time were set to each patient according to their individual sleeping and waking habits. The parameters evaluated by ABPM and analyzed in the study were: mean BP from 24-h of BP monitoring and calculated as follows: (SBP-DBP) × 1/3 + DBP, mean nocturnal BP (mean BP from the sleeping period calculated with the formula mentioned above), and maximal SBP (the maximal single result from SBP measurement from 24-h of BP monitoring). The measurements, techniques, and device settings were in agreement with the current guidelines for hypertension diagnosis and management [21] . The appropriate cuff size was provided individually for every patient. 
We performed 48-h BP monitoring (24-h before and 24-h after the 1st, 6th, and 12th IVMP pulses). All measurements of ambulatory BP were recorded by devices certified by the British Hypertension Society. ABPM recorders were programmed to register one BP measurement every 20 min during the awake period and every 30 min during the sleeping period. Bedtime and wake-up time were set to each patient according to their individual sleeping and waking habits. The parameters evaluated by ABPM and analyzed in the study were: mean BP from 24-h of BP monitoring and calculated as follows: (SBP-DBP) × 1/3 + DBP, mean nocturnal BP (mean BP from the sleeping period calculated with the formula mentioned above), and maximal SBP (the maximal single result from SBP measurement from 24-h of BP monitoring). The measurements, techniques, and device settings were in agreement with the current guidelines for hypertension diagnosis and management [21] . The appropriate cuff size was provided individually for every patient.
The absence of BP dipping phenomenon during sleeping was defined as a reduction in nocturnal SBP equal to or less than 10% in relation to the SBP when awake according to ABPM readings. Thus, we categorized individuals as dippers when the sleep-time-relative SBP decline was ≥10% and non-dippers when SBP decline was <10%.
NT-proBNP Measurements
All assays were performed in sera obtained from venous blood samples and analyzed immediately after blood sampling in The Central Laboratory in our hospital. NT-proBNP was measured using a Flex ® Reagent Cartridge and Dimension ® EXLTM integrated chemistry system (Newark, NJ, USA) with a LOCI ® Module (Siemens HealthCare Diagnostics Ltd., Camberley, UK). The cutoff value of NT-proBNP typical for hemodynamic stress in the left ventricle was defined as ≥125 pg/mL [22] .
Additional Laboratory Measurements
In addition to NT-proBNP, TnI was measured. Analysis of TnI was performed on Siemens Dimension System (ExL LOCI TnI assay, Newark, NJ, USA). TnI values ≥0.056 ng/mL above the 99th percentile were reported as positive.
Echocardiography
All echocardiographic examinations were performed using the Philips Medical Systems (Andover, MA, USA) with a sector 5-1-MHz. Measurements were performed according to the American Society of Echocardiography chamber quantification guidelines [23] .
The two-dimensional echocardiography studies were performed and interpreted by a board-certified cardiologist certified in transthoracic echocardiography. The parameter examined and analyzed in this study was the ejection fraction, which was calculated from end diastolic volume (EDV) and end systolic volume (ESV) estimates, using the following formula: EF = (EDV − ESV)/EDV.
Statistical Analysis
Continuous variables are expressed as median values (lower quartile (Q1)-upper quartile (Q3). Categorical variables are presented as numbers (N) or percentage values (%). Comparisons between continuous variables (NT-proBNP, TnI, mean BP, mean nocturnal BP, and maximal SBP) were assessed before and after selected IVMP pulses using a non-parametric Wilcoxson matched Pairs test. Analysis of paired nominal data, such as presence of BP dipping during sleep before and after IVMP pulses, was performed using McNemar's test. Results with p value < 0.05 were considered statistically significant. All statistical analyses were made using STATISTICA ver.12.0 (Statsoft, Kraków, Poland).
Conclusions
Our study suggests that treatment with intravenous methylprednisolone once every week may have an unfavorable cumulative effect on BP. Variation in NT-proBNP concentration after IVMP indicates the compensatory effect of brain natriuretic peptide secretion. Funding: This research received no external funding.
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